INTRODUCTION {#S1}
============

Riboswitches are a class of non-coding RNAs located at the 5′ untranslated region of mRNAs that regulate gene expression by controlling transcription termination, translation initiation, or RNA cleavage in response to specific cellular cues^[@R1]--[@R3]^. Functional studies have established a general mechanistic view of riboswitch regulation, where structural changes in the metabolite-sensing (aptamer) domain upon ligand binding are transduced to conformational rearrangements of the downstream expression platform to tune gene expression^[@R4]^. Over the past decade, tremendous progress in determining high-resolution ligand-bound (holo) aptamer structures of almost all known riboswitches has provided substantial insights into the molecular basis of specific ligand recognition^[@R4],[@R5]^. Solution studies at molecular and single-nucleotide resolutions have indicated that the ligand-free (apo) aptamer is flexible and exists as an ensemble with distinct global conformations that undergoes ligand-induced structural changes and converges to a single structured ligand-bound state^[@R6]--[@R17]^. However, the vast majority of crystal structures of apo riboswitch aptamers are highly similar to their holo counterparts^[@R16]--[@R22]^, making it difficult to directly examine the structural basis for switching mechanisms that underlie gene regulation by riboswitches.

Here, we set out to study the regulatory mechanism of the transcriptional *Bacillus cereus* fluoride riboswitch^[@R23]^ ([Fig. 1a](#F1){ref-type="fig"}) using solution-state NMR, chemical exchange saturation transfer (CEST) spectroscopy, and single-round transcription assays. Fluoride riboswitches are a class of riboswitches present in many bacteria and archaea^[@R23]^. Upon specific fluoride recognition, these riboswitches activate the expression of genes involved in fluoride toxicity response, such as fluoride exporters^[@R23],[@R24]^. We determined the solution structure of the apo *B. cereus* fluoride riboswitch aptamer by NMR, which represents, to our knowledge, the first high-resolution solution structure of an apo riboswitch aptamer. Surprisingly, the ligand-free aptamer did not adopt an ensemble with distinct global conformations, but instead folded into a single stable conformation that is highly similar to the crystal structure of the fluoride-bound, transcriptionally active *Thermotoga petrophila* fluoride riboswitch aptamer^[@R25]^. By applying CEST NMR spectroscopy, we uncovered a 'hidden' difference in conformational dynamics between the apo and holo aptamers, which evaded detection by conventional techniques. In the absence of fluoride, the aptamer accesses an exceptionally low-populated (\~1%) and short-lived (lifetime \~3 ms) conformational state referred to as an excited state (ES). We showed that these fleeting dynamics occur locally and unravel the critical 'linchpin' reverse Hoogsteen base pair at the interface between the structured aptamer and the downstream expression platform. This process exposes the aptamer for strand invasion, which in turn signals transcription termination. Fluoride binding at a site distal from the 'linchpin' allosterically suppresses dynamic transitions to the ES and activates transcription. We demonstrated that this ES-mediated switching mechanism enables the riboswitch to achieve fluoride-specific gene activation within a narrow range of ligand concentrations over a wider range of transcription rates, thus ensuring robust fluoride toxicity response for survival across diverse cellular environments.

RESULTS {#S2}
=======

Solution structure of apo fluoride riboswitch aptamer {#S3}
-----------------------------------------------------

Specific fluoride recognition by the *B. cereus* fluoride riboswitch aptamer requires Mg^2+^, which is consistent with a previous study on the *T. petrophila* fluoride riboswitch aptamer^[@R25]^. In the absence of Mg^2+^, the 47-nucleotide aptamer domain adapted from the *B. cereus* fluoride riboswitch only forms stable P1 and P2 stems and does not bind fluoride ([Supplementary Results](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). In the presence of Mg^2+^, the unfolded aptamer undergoes a major structural transition, with an apparent single-magnesium *K*~d,Mg~ of 405 ± 46 μM obtained from NMR titration, to a fluoride-binding competent conformation ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). The resultant apo aptamer recognizes fluoride with an apparent single-fluoride *K*~d,F~ of 100 ± 20 μM ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), similar to *K*~d,F~ of 60 -- 135 μM reported for the *Pseudomonas syringae* and *T. petrophila* fluoride riboswitch aptamers^[@R23],[@R25]^.

We determined the solution structure of the apo *B. cereus* aptamer domain using a comprehensive set of NMR restraints measured in the presence of 2 mM Mg^2+^, which include NOE distances, dihedral angles, and residual dipolar couplings (RDCs) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). The ensemble of the 20 lowest-energy structures is well determined with a root-mean-square deviation to the mean of 0.67 ± 0.22 Å for all heavy atoms ([Fig. 1b](#F1){ref-type="fig"}). Strikingly, this apo solution structure preserved all key tertiary interactions ([Fig. 1c](#F1){ref-type="fig"}--**f**) observed in the highly similar crystal structure of the holo *T. petrophila* fluoride riboswitch aptamer^[@R25]^ ([Fig. 2a](#F2){ref-type="fig"}), including reverse Watson-Crick (WC) A5•U35 pair and reverse Hoogsteen (HG) A37•U45 pair ([Fig. 1d](#F1){ref-type="fig"},**e**). Further measurements confirmed that three rare long-range hydrogen bonds formed between highly conserved residues: A37-2′OH to G7-N7, U38-2′OH to A40-N7, and U38-H3 to C41-O2P ([Fig. 1e,f](#F1){ref-type="fig"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). In addition, the fluoride-binding pocket, which is formed by phosphates from five cross-strand residues, only differs subtly between the apo and holo states and features an open entrance for fluoride ([Fig. 2b,c](#F2){ref-type="fig"}).

The apo state is essential for transcription activation {#S4}
-------------------------------------------------------

To assess whether the apo and holo states differ in their conformational dynamics, we measured NMR ^13^C spin relaxation rates, which report conformational flexibility at the pico-to-nanosecond timescale, and RDCs, which provide long-range angular information on structures and also report conformational flexibility up to the micro-to-millisecond timescale^[@R26]^ ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). Remarkably, both relaxation rates and RDCs exhibited a high degree of correlation between the two states (*R*^2^ = 0.94 and 0.99, respectively) ([Fig. 2d,e](#F2){ref-type="fig"}), suggesting that the *B. cereus* aptamer domain not only adopts identical structures in solution but also undergoes highly similar dynamics across a wide range of timescales with or without fluoride.

Given these structural and dynamic similarities, we examined whether the apo and holo states do give rise to distinct functional outcomes as reported previously^[@R23]^. Indeed, single-round transcription assays confirmed fluoride-dependent transcription activation of the *B. cereus* riboswitch, which has an EC~50~ -- the effective fluoride concentration to cause a 50% change in transcription − of 515 ± 78 μM ([Fig. 2f](#F2){ref-type="fig"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). The observed difference between the EC50 and *K*~d~ (100 ± 20 μM) indicates that transcriptional regulation of the *B. cereus* fluoride riboswitch is likely governed by the kinetic, rather than thermodynamic, properties of fluoride binding. Since the regulatory process is cotranscriptional, the RNA polymerase can reach the decision point for transcription termination at the poly-U stretch before ligand binding achieves thermodynamic equilibrium^[@R27]^. Thus, a ligand concentration (EC~50~) higher than the *K*~d~ is often required to ensure a sufficient ligand on-rate within the limited time window^[@R27]^. Therefore, the folded apo state with a preformed fluoride-binding pocket may be essential to meet this kinetic requirement for efficient transcription activation.

To examine this hypothesis, we perturbed a water-mediated hydrogen bond between U6-O4 to an Mg^2+^ distal from the ligand-binding pocket^[@R25]^ by mutating U6 to C. This single-nucleotide mutation (U6C) destabilized the structured Mg^2+^-bound apo aptamer but did not substantially affect the holo conformation ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Despite having an apparent fluoride off-rate constant (*k*~off,U6C~ = 0.21 ± 0.01 s^−1^) similar to the wild-type (WT) (*k*~off~ = 0.41 ± 0.02 s^−1^) ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}), the U6C mutant exhibited a much slower ligand on-rate constant, manifested as a 13-fold decrease in fluoride binding affinity (*K*~d,F,U6C~ = 1.29 ± 0.18 mM) ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). The slower ligand binding kinetics led to an EC~50~ (88 ± 5 mM) 170-fold higher than the WT ([Fig. 2f](#F2){ref-type="fig"}), well beyond the \~1 mM minimum inhibitory concentration (MIC)^[@R23]^, further highlighting the importance of ligand-binding kinetics in the regulation of fluoride riboswitch. Together, these results illuminated the functional role of the holo-like apo state, which effectively lowers the kinetic barrier for ligand binding and enables efficient fluoride sensing to activate transcription below or near the toxicity threshold. However, the mechanism by which this holo-like apo state achieves the transcription-OFF state remains hidden.

A fleeting process differentiates apo and holo states {#S5}
-----------------------------------------------------

Recent developments in NMR *R*~1~ρ relaxation dispersion^[@R28]--[@R30]^ and CEST spectroscopy^[@R31]--[@R33]^ have made it possible to study RNA excited conformational states (ESs) that are too low-populated and short-lived to be detected by conventional techniques. By applying ^13^C CEST spectroscopy^[@R33]^ on individually G and A/U ^13^C/^15^N labeled aptamers, we uncovered distinct propensities of the apo and holo states to access ESs. For the holo aptamer, base (C2/C6/C8) and sugar (C1′) CEST profiles uniformly displayed single intensity dips, suggesting one stable conformation ([Fig. 3a](#F3){ref-type="fig"} and [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). In contrast, a subset of apo CEST profiles exhibited second and asymmetrically broadened intensity dips, indicating the presence of conformational exchange to ESs in the apo aptamer ([Fig. 3b](#F3){ref-type="fig"} and [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). With the exception of A17, which is singly stacked on P1 and may undergo local dynamics, residues that undergo chemical exchange are spatially clustered around the junction of P3, J13, J23, and 3′-tail, suggesting a concerted transition ([Fig. 3b](#F3){ref-type="fig"}). Indeed, these CEST data can be globally fitted to a single two-state (GS ⇔ ES) exchange (where GS refers to the ground state) that is directed towards an ES with population (*p*~ES~) of 1.4 ± 0.1% and lifetime (τ~ES~ = 1/*k*~EG~) of 3.2 ± 0.3 ms ([Fig. 3c](#F3){ref-type="fig"}).

The excited state unlocks the conserved linchpin {#S6}
------------------------------------------------

To gain structural insights into the apo ES, we examined ES base and sugar carbon chemical shifts extracted from CEST profiles, which are sensitive probes to local chemical environments. Except for the ES chemical shift of P3 A42, which remains close to those of helical residues, all ES chemical shifts were substantially shifted toward those of single nucleotides ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Together with the lack of exchange observed in helical residues, these ES chemical shift fingerprints indicate that the apo ES possesses well-folded P1, P2, and P3 stems, but the network of tertiary interactions formed by J13, J23, and 3′-tail is missing. In particular, the P3-capping reverse HG A37•U45 pair may be disrupted in the apo ES, as suggested by downfield-shifted ES base chemical shift of P3 terminal residue G7 (136.2 ppm) towards that of uncapped P1 terminal residue G1 (136.9 ppm). Thus, the apo ES adopts a pseudoknot-like structure distinct from the apo GS and the unfolded aptamer.

To test key features of the proposed apo ES structure---the absence of A37•U45 pair and the presence of P3---we designed site-specific mutations ([Fig. 3d](#F3){ref-type="fig"} and [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). Remarkably, both A37•U45 deletion mutations---A37C and 3′ tail deletion (Δ3)---deleteriously impact Mg^2+^ and F^−^ binding and result in largely unstructured aptamers in the presence of ligands ([Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}). These results not only unveiled an unexpected role of the A37•U45 pair as the 'linchpin' for aptamer folding, explaining their conservation across all fluoride riboswitches^[@R23]^, but also emphasized the importance of evaluating the behaviour of A37•U45 in the ES. However, the substantially broadened NMR signals observed upon Mg^2+^ addition ([Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}) made it infeasible to directly compare these mutants to the WT for examining the ES structure. Alternatively, CEST profiles of a partially Mg^2+^-bound WT aptamer showed that the apo ES is a state shared between the Mg^2+^-bound apo GS and the Mg^2+^-free unfolded aptamer ([Supplementary Fig. 8b](#SD1){ref-type="supplementary-material"}). Given the WT aptamer samples the apo ES in the absence of Mg^2+^ ([Supplementary Fig. 8c](#SD1){ref-type="supplementary-material"}), we examined whether the Mg^2+^-free A37•U45-deletion mutants also populate the same apo ES. Indeed, CEST profiles showed good agreement among all three G7 ES chemical shifts, supporting the absence of A37•U45 pair in the ES ([Fig. 3d](#F3){ref-type="fig"} and [Supplementary Fig. 8c](#SD1){ref-type="supplementary-material"}). Similarly, we confirmed the presence of P3 in the ES, where the A~42~C~43~C~44~ to C~42~A~43~A~44~ (CAA) mutation, which disrupts P3, abolishes ES sampling ([Fig. 3d](#F3){ref-type="fig"} and [Supplementary Fig. 8c](#SD1){ref-type="supplementary-material"}). It is remarkable that, despite being distant from the binding pocket, fluoride binding is able to allosterically suppress the linchpin-unlocked ES without affecting the ground state conformation.

The excited state signals transcription termination {#S7}
---------------------------------------------------

Relative to otherwise-indistinguishable apo and holo states, the apo ES may represent the pivot state needed to achieve transcription termination in the absence of ligand. Since the regulatory process is cotranscriptional, the communication between the aptamer and terminator residues occurs when A64 exits the RNA polymerase and competes with the aptamer for the 'linchpin' residue U45 ([Fig. 4a](#F4){ref-type="fig"}). At this point, due to the encapsulated \~12-nt RNA footprint of the polymerase^[@R11],[@R34],[@R35]^, transcription will have also reached the poly-U stretch (U71 -- 78). Hence, the pairing of A64•U45 not only represents the first step of aptamer--terminator communication, but also marks the decision point for transcription termination. To evaluate the thermodynamic signatures of transcription intermediates around this pivot point, we carried out pseudo-cotranscriptional RNA folding measurements by NMR ([Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). In the absence of A64, the apo aptamer remains well folded in the holo-like apo GS to ensure efficient fluoride sensing. Remarkably, when the transcript 'reaches' A64, the folded apo aptamer, in contrast to the holo aptamer, becomes substantially destabilized, where the A64•U45 pairing thermodynamically outcompetes the A37•U45 'linchpin' and leads to a largely unfolded P3 stem. This could in turn favor the strand invasion process towards terminator formation, thus suggesting a role of the linchpin-unlocked apo ES in termination. Surprisingly, when the complete terminator sequence is present, the terminator stem outcompetes both the structured apo and holo aptamers, demonstrating that the transcription-OFF conformation of the riboswitch is the most thermodynamically stable state, even in the presence of ligand. Together, these results not only indicate that the termination process is governed by the kinetic, rather than thermodynamic, properties of terminator formation, they also suggest that the A64•U45 interaction may play a pivotal role in this regulatory process.

Hence, by unlocking U45 from the 'linchpin', the apo ES could provide a kinetically favorable pathway to facilitate A64•U45 pairing and achieve efficient terminator formation. Therefore, if the apo ES activates transcription termination, perturbing the GS--ES dynamic will alter the transcriptional outcome. Since Mg^2+^ stabilizes the apo GS, we expect that increasing Mg^2+^ concentration, which disfavors apo ES formation, will reduce termination efficiency and enhance transcription activation. To examine this hypothesis in a transcriptional context, we carried out Mg^2+^-dependent single-round transcription assays in the absence of fluoride. Indeed, a dramatic increase was observed in read-through from 7% at 3 mM Mg^2+^ to 43% at 30 mM Mg^2+^ over baseline reduction in termination efficiency with apparent read-through only increased from 5% to 21% ([Fig. 4b](#F4){ref-type="fig"}). This result not only strongly supports the proposed functional role of the apo ES in transcription termination but also indicates that, like the holo state, the structurally equivalent apo GS can activate transcription.

The fluoride riboswitch delivers robust gene regulation {#S8}
-------------------------------------------------------

Taken together, these results reveal a novel switching mechanism where, without adopting distinct, ligand-dependent ground-state tertiary architectures of the ligand-sensing domain, dynamic transition to an excited state of the aptamer signals transcription termination whereas allosteric suppression of this fleeting state upon ligand binding activates continued transcription. To provide a rigorous description of this mechanism, we integrated the sensing, communication, and termination processes into a unified model that depicts the most likely pathway for function ([Fig. 5a](#F5){ref-type="fig"} and [Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}). The underlying kinetic scheme was completed by combining the NMR-derived aptamer folding rate constants and the apparent rate constants of terminator formation that were extracted from single-round fluoride-free transcription assays at different NTP concentrations^[@R36]^ (**Online Methods** and [Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). It is worth noting that characterizing the terminator folding rates in a transcriptional context is necessary for developing a kinetic scheme that properly represents the regulatory process^[@R37],[@R38]^. Given that fluoride is toxic to cells, the riboswitch must be able to activate gene expression, regardless of cellular conditions, before fluoride levels substantially exceed the toxicity threshold (MIC \~ 1 mM)^[@R23]^. Cellular conditions can greatly impact the overall speed of RNA transcription^[@R36],[@R39]^, a major factor for transcriptional riboswitch regulation^[@R27]^. Therefore, we employed kinetic simulations to examine functional outcomes at different effective transcription rates, defined as the combined time needed for transcribing from the aptamer to the expression platform and pausing at the poly-U stretch^[@R36],[@R39]^.

Remarkably, over a wide range of effective transcription rates, the riboswitch was predicted to maintain not only tight fluoride response (EC~50~ \~ 174 μM -- 3.1 mM) but also effective switching efficiency (64 -- 93%) -- defined as the dynamic range of ligand-dependent transcription activation ([Fig. 5b](#F5){ref-type="fig"} and [Supplementary Fig. 12a](#SD1){ref-type="supplementary-material"}). We further examined this predicted response using single-round transcription assays at different NTP concentrations, and the experimentally determined EC~50~ (129 ± 9 μM -- 2.7 ± 0.3 mM) and switching efficiency (71 -- 93%) values agree very well with the simulated results ([Fig. 5c](#F5){ref-type="fig"}). This robust switching is achieved by the rapid GS--ES interconversion. Slowing the GS--ES rate (*k*~GE~) from 4.5 to 0.45 s^−1^ predicted an unbalanced switch: while the fluoride response remains tight (EC~50~ \~ 209 μM -- 2.2 mM), the switching efficiency becomes more dependent on transcription rates with a range from 36% to 93% ([Supplementary Fig. 12b](#SD1){ref-type="supplementary-material"}). In contrast to the WT aptamer, the U6C mutant, which employs the conventional switching mechanism of distinct apo and holo aptamer structures, lacks robustness in regulation: although excellent switching efficiency was obtained in both simulation (86 -- 96%) and functional assays (84 -- 96%), the fluoride response (EC~50~ \~ 7 -- 490 mM and \~ 24 ± 2 -- 329 ± 67 mM for simulation and assays, respectively) was deficient relative to physiological fluoride toxicity levels ([Fig. 5d,e](#F5){ref-type="fig"}). These results highlight the importance of the ES-mediated switching mechanism for the function of the fluoride riboswitch in toxicity response^[@R23]^.

DISCUSSION {#S9}
==========

Here, by integrating structural, dynamic, kinetic and functional analyses of the *B. cereus* fluoride riboswitch, we identified a novel switching mechanism for riboswitch function, which is distinct from the current paradigm involving the aptamer domain adopting different tertiary and even secondary structures in the presence and absence of ligand^[@R4]^. We found that the fluoride riboswitch aptamer folds into essentially identical tertiary structures with and without ligand. This holo-like apo conformation allows fluoride sensing in a direct and efficient manner, and is critical for the riboswitch to effectively activate the toxicity response given the marginal gap between its fluoride binding affinity (*K*~d~ \~ 0.1 mM) and the threshold of toxic fluoride levels (MIC \~ 1 mM)^[@R23]^. However, a potential disadvantage of employing structurally indistinguishable states is that the ligand-free aptamer is functionally competent in triggering gene activation. Yet, the fluoride riboswitch only activates transcription upon specific fluoride recognition and effectively limits unintended gene expression when fluoride is absent.

We showed that this ligand-specific gene activation is achieved by controlling highly localized fleeting dynamics. The apo aptamer transiently accesses an excited state; in contrast, the holo aptamer turns off these conformational transitions. Despite being sparsely populated and short-lived, this excited state defines the functional difference between the apo and holo states. Rapid transition to the excited state, which unlocks the highly conserved linchpin base pair located at the interface between the aptamer domain and the expression platform, opens the gate for strand invasion and provides a path to transcription termination. In contrast, fluoride binding allosterically suppresses ES access and ensures continued gene transcription. Recently, transcription regulation by the *B. cereus* fluoride riboswitch was also characterized using a chemical probing approach based on selective 2′-hydroxyl acylation analyzed by primer extension sequencing (SHAPE-seq)^[@R40]^. This elegant cotranscriptional SHAPE-seq technique provides a powerful approach for studying transcriptional processes at nucleotide resolution, and enabled detection of a series of folding intermediates along the transcription coordinate of the fluoride riboswitch. However, due to limited spatial and temporal resolution, the fleeting conformational transition uncovered here evaded detection by the SHAPE-seq experiment, and subsequently, the regulatory role of the conserved reverse Hoogsteen A37•U45 base pair remained hidden. This resulted in an apparent pathway that adopts the conventional view of riboswitch mechanism composed of different apo and holo aptamer structures. Hence, the case of fluoride riboswitch highlights the necessity of high-resolution tertiary structural and dynamic measurements in solution for illuminating the underlying regulatory mechanism of riboswitch function.

By completing a kinetic scheme of our ES-mediated switching mechanism, we were able to reveal an unexpected capability of this transcriptional riboswitch. Numerical simulations of this scheme, corroborated by functional assays, showed that the riboswitch is capable of achieving both tight fluoride response and effective switching efficiency over a wide range of effective RNA transcription rates. This robust switching behavior is a likely prerequisite for functional response to fluoride toxicity in diverse cellular environments. We speculate this mechanism may underlie regulatory functions of other riboswitches that are involved in various toxicity responses^[@R41],[@R42]^.

Our findings were made possible by recent advances in NMR techniques^[@R28]--[@R33]^, and specifically, the development of CEST NMR spectroscopy^[@R31]--[@R33]^. The uncovered functional excited state is a high-energy state that falls outside detection of all other techniques used in riboswitch studies to date. Our observation further raises the possibility that ES-mediated switching mechanisms may be at play in some riboswitches where similar ligand-free and ligand-bound aptamer structures have been observed^[@R17]--[@R21]^. In light of recent discoveries of similar mechanisms in allosteric proteins^[@R43]^, we anticipate this ES-mediated molecular strategy may be general among biomolecules and hence present in functions of other regulatory non-coding RNAs. Furthermore, it has become increasingly clear that many non-coding RNAs fold and interconvert between distinct conformational states for function^[@R44]^. Our study presents, to our knowledge, the first functionally established excited state in complex RNAs, providing direct evidence for the emerging view that RNA encodes excited states as a 'hidden' layer for regulation^[@R30],[@R45],[@R46]^. By demonstrating a new mode of ligand-dependent RNA function, our study suggests that, despite being composed of simple building blocks, RNA, like proteins^[@R47]^, can effectively explore conformational landscapes and incorporate functional excited states to direct biological outcomes. Developing a mechanistic understanding of how these 'hidden' conformational states regulate RNA function further promises new opportunities for rational design of RNA-based regulatory devices and RNA-targeted therapeutics.

ONLINE METHODS {#S10}
==============

Sample preparation {#S11}
------------------

Unlabeled, uniformly ^13^C,^15^N-labeled, and base-specifically (G and A/U) ^13^C/^15^N-labeled fluoride riboswitch aptamer samples and mutants were prepared as previously described^[@R33]^. Briefly, the *in vitro* transcribed RNA samples were ethanol precipitated, gel purified (15% denaturing polyacrylamide gel), electro-eluted with the Elutrap system (Whatman), and anion-exchange purified with a 5 ml Hi-Trap Q column (GE Healthcare). Using Amicon filtration systems with 10K MW cut-off membranes (Millipore), the RNA samples were desalted, initially exchanged to water, and subsequently exchanged to 10 mM sodium phosphate (pH 6.4), 50 mM KCl, and 50 μM EDTA. For the Mg^2+^-free samples, RNAs were concentrated directly to \~1 mM concentration. For the apo (Mg^2+^-bound) samples, the Mg^2+^-free RNA samples were further exchanged to the same buffer conditions with additional 10 mM MgCl~2~, and subsequently concentrated to \~1 mM concentration with the same buffer conditions with 2 mM MgCl~2~. For the holo (fluoride-bound) samples, the apo RNA samples were further exchanged to the same buffer conditions with 2 mM MgCl~2~ and 10 mM NaF. For the Mg^2+^-saturated U6C samples, the Mg^2+^-free RNA samples were exchanged to the same buffer conditions with additional 10 mM MgCl~2~. For H~2~O sample, 5% D~2~O was added. For D~2~O sample, the corresponding H~2~O sample was repeatedly lyophilized and re-dissolved in the same volume of 99.996% D~2~O (Sigma).

NMR spectroscopy {#S12}
----------------

All NMR experiments were carried out on Bruker Avance III 500 and 600 spectrometers equipped with 5 mm quadruple-resonance (QCI) and triple-resonance (TCI) cryogenic probes, respectively. Exchangeable proton spectra were recorded using H~2~O samples at 283 K (10°C), and non-exchangeable proton spectra were recorded on H~2~O and D~2~O samples at 303 K (30°C). NMR spectra were processed and analyzed with TOPSPIN 3.2 (Bruker), NMRPipe^[@R48]^, and Sparky 3.110. (University of California, San Francisco, CA). As described previously^[@R49]^, the assignments were obtained using 2D NOESY, 2D TOCSY, ^1^H-^15^N HSQC, ^1^H-^13^C HSQC, 2D HCCH-COSY, 3D HCCH-TOCSY, HCCNH TOCSY, and HCN experiments on the unlabeled, uniformly labeled and base-specifically ^13^C,^15^N-labeled RNA samples, and the ^31^P spin-echo difference CT-HSQC and spin-echo difference CH-HCCH correlation experiments were used to determine the ε and β dihedral angles of the backbone. The interactions between imino protons and phosphate oxygens were characterized using ^1^H-^31^P HSQC experiments^[@R50]^.

Structure calculation {#S13}
---------------------

For structure calculation of the apo *B. cereus* fluoride riboswitch aptamer, NOE restraints for inter-proton distances of non-helical regions were obtained from the 2D NOESY and 2D Watergate NOESY spectra acquired on D~2~O and H~2~O samples. A total of 293 experimental NOE distances were obtained, which were classified as very strong (2.5 Å), strong (3.5 Å), medium (4.5 Å), and weak (5.5 Å). For helical regions, 517 idealized A-form inter-proton distances were used as supported by RDC analysis (see below) and were categorized into 1.8--3.0 Å, 2.5--4.0 Å, 3.5--5.0 Å, and 4.5--6.0 Å ranges. Dihedral angle restraints (A-form values of α = −62.1 ± 30°, β = 180.1 ± 30°, γ = 47.4 ± 30°, ν~2~ = 37.3 ± 30°, and ζ = −74.7 ± 30° for helical residues, and experimentally determined values for ε, β, χ, and δ), hydrogen bond distance and weak planarity restraints for 17 base pairs were incorporated in the structure calculations as previously described^[@R49]^. Initially, 200 structures were calculated from an extended and unfolded starting RNA structure using all restraints except RDCs following standard XPLOR protocols^[@R51]^. Structures with no experimental restraint violations (distances \>0.5 Å and dihedral angles \>5°) were further refined with 77 RDCs. All one-bond C-H and N-H RDCs were normalized to a C-H bond length of 1.0 Å for structure calculation using Xplor-NIH as described previously^[@R49]^. The choice of 1.0 Å is for referencing and does not affect structure calculations. The optimal values for the magnitude and asymmetry of the alignment tensor are D~a~ = 23.2 Hz and R = 0.44. The force constant for RDCs was gradually increased from 0.1 to 0.5 kcal·mol^−1^·Hz^−2^. The 50 lowest-energy structures were subject to final refinement with a database potential^[@R51]^ together with RDCs, where the force constant for the database potential was gradually increased from 0.01 to 0.2 kcal·mol^−1^·Hz^−2^. The 20 lowest-energy structures from the final refinement are reported. Structures were viewed and analyzed with MOLMOL^[@R52]^, PYMOL (DeLano Scientific LLC), and MolProbity^[@R53]^.

^13^C spin relaxation measurements {#S14}
----------------------------------

Longitudinal (*R*~1~) and rotating-frame (*R*~1~ρ) relaxation rates were measured for base carbons (C2, C6 and C8) using TROSY detected pulse sequences^[@R26]^. The same experimental parameters were used for the apo and holo aptamers. The carrier position was set to 144 ppm and the spin-lock offset was 3750 Hz. The high-power off-resonance spin-lock field was calibrated as ν~SL~ = 4335.1 ± 44.6 Hz. Relaxation delays were 20 and 600 (×2) ms for *R*~1~ experiments, and 4 and 40 (×2) ms for *R*~1~ρ experiments, where duplicated measurements are indicated as ×2. Relaxation rates and experimental uncertainties (s.d.) were determined by fitting intensities to a mono-exponential decay, *I~t~* = *I*~0~*e*^−^*^R^*^×^*^t^*, using NMRView^[@R54]^ and in-house software with a Monte-Carlo based method^[@R26]^. The transverse relaxation rates (*R*~2~) were obtained from *R*~1~ρ and *R*~1~ rates using *R*~1~ρ = *R*~1~ cos(2θ) + *R*~2~ sin(2θ), where θ = arctan(ν~SL~/Ω) is the effective tilt angle in the spin-lock field and Ω is the resonance offset from the spin-lock carrier frequency in Hz.

RDC measurements {#S15}
----------------

One-bond C-H and N-H RDCs were measured on uniformly ^13^C,^15^N-labeled apo and holo aptamer samples in \~13 mg/ml Pf1 phage (ASLA Biotech, Ltd) at 303 K (30°C) on 600 MHz spectrometer using 2D ^1^H-^13^C S^3^CT-HSQC and standard ^1^H-^15^N HSQC experiments^[@R26]^. NMR spectra for RDCs were processed and analyzed using NMRPipe/NMRDraw^[@R48]^. A total of 89 and 88 RDCs were measured for the apo and holo samples, respectively. Experimental uncertainties (s.d.) in RDCs were estimated from splittings measured in ^1^H and ^13^C/^15^N dimensions. For analyzing apo-state RDCs in helical regions, idealized A-form helices of P1, P2 and P3 were used as input coordinates for program RAMAH^[@R26]^. Back calculated RDCs from these idealized A-form helices agree excellently with experimental RDCs with Q values of 0.11, 0.09, and 0.16 for P1, P2 and P3, respectively, suggesting idealized A-form geometries for the apo helical regions.

^13^C CEST measurements {#S16}
-----------------------

^13^C CEST experiments were conducted at 600 MHz as previously described^[@R33]^. For CEST experiments on G-labeled apo (Mg^2+^-bound) aptamer, ^13^C *B*~1~ fields (ω/2π) of 26.04 Hz and 35.44 Hz were used. For base carbon C8s, the ^13^C carrier was set to 135.6 ppm with a spectral width of 7.5 ppm, and the ^13^C offsets ranged from −1120 to 1000 Hz with spacing of 40 Hz. For sugar carbon C1's, the ^13^C carrier was set to 90.9 ppm with a spectral width of 2.8 ppm, and the ^13^C offsets ranged from −800 to 800 Hz with spacing of 40 Hz. For CEST experiments on AU-labeled apo (Mg^2+^-bound) aptamer, ^13^C *B*~1~ fields (ω/2π) of 26.04 Hz and 35.44 Hz were used. For base carbon C2s/C6s/C8s, the ^13^C carrier was set to 144.6 ppm with a spectral width of 8.5 ppm. The ^13^C offsets ranged from 540 to 1740 Hz for C2s, and from −1800 to 80 Hz for C6s/C8s with spacing of 40 Hz. For sugar carbon C1's, the ^13^C carrier was set to 90.0 ppm with a spectral width of 11 ppm, and the ^13^C offsets ranged between −800 to 800 Hz with spacing of 40 Hz. 1D-selective ^13^C CEST experiments were further carried out to measure CEST profiles for A37 and U38, which were either outside of the offset range or overlapped in 2D CEST experiments, respectively. ^13^C *B*~1~ fields (ω/2π) of 26.04 Hz and 35.44 Hz were used with ^13^C offsets ranging from −640 to 1000 Hz for A37 and from −840 to 760 Hz for U38 with spacing of 40 Hz. For CEST experiments on G-labeled holo (F^−^-bound) aptamer, a single ^13^C *B*~1~ field (ω/2π) of 26.04 Hz was used. For base carbon C8s, the ^13^C carrier was set to 135.0 ppm with a spectral width of 5.5 ppm, and the ^13^C offsets ranged from −1120 to 1000 Hz with spacing of 40 Hz. For sugar carbon C1's, the ^13^C carrier was set to 90.7 ppm with a spectral width of 3.5 ppm, and the ^13^C offsets ranged from −800 to 800 Hz with spacing of 40 Hz. For CEST experiments on AU-labeled holo (F^−^-bound) aptamer, a single ^13^C *B*~1~ field (ω/2π) of 26.04 Hz was used. For base carbon C2s/C6s/C8s, the ^13^C carrier was set to 138.9 ppm with a spectral width of 12 ppm. The ^13^C offsets ranged from 1440 to 2640 Hz for C2s and from −1000 to 1000 Hz for C6s/C8s with spacing of 40 Hz. For sugar carbon C1's, the ^13^C carrier was set to 89.0 ppm with a spectral width of 11.8 ppm, and the ^13^C offsets ranged between −800 to 800 Hz with spacing of 40 Hz. For CEST experiments on G-labeled aptamer at an intermediate Mg^2+^ concentration, where 6-fold Mg^2+^ was added directly to the Mg^2+^-free sample, the ^13^C carrier was set to 135.6 ppm with a spectral width of 6.5 ppm. Two ^13^C *B*~1~ fields were used: for ω/2π = 10.64 Hz, the ^13^C offset ranged from −1110 to 990 Hz with spacing of 30 Hz; for ω/2π = 26.04 Hz, the ^13^C offset ranged from −1120 to 1000 Hz with spacing of 40 Hz. For CEST experiments on G-labeled Mg^2+^-free aptamer, the ^13^C carrier was set to 135.6 ppm with a spectral width of 6.5 ppm. Two ^13^C *B*~1~ fields were used: for ω/2π = 17.68 Hz, the ^13^C offset ranged from −990 to 990 Hz with spacing of 30 Hz; for ω/2π = 27.90 Hz, the ^13^C offset ranged from −1000 to 1000 Hz with spacing of 40 Hz. For CEST experiments on G-labeled Mg^2+^-free A37C and Δ3 aptamer mutants, the ^13^C carrier was set to 137.3 ppm with a spectral width of 10 ppm. ^13^C *B*~1~ fields (ω/2π) of 27.9 Hz and 37.84 Hz were used, and the ^13^C offsets ranged from −1240 to 1200 Hz with spacing of 40 Hz. For CEST experiments on G-labeled Mg^2+^-free CAA mutant, the ^13^C carrier was set to 135.6 ppm with a spectral width of 6.5 ppm. A single ^13^C *B*~1~ field (ω/2π) of 27.9 Hz was used, and the ^13^C offset ranged from −1000 to 1000 Hz with spacing 50 Hz.

^13^C ZZ-exchange measurements {#S17}
------------------------------

ZZ-exchange experiments were conducted on H~2~O samples at 303 K (30°C) as previously described^[@R33]^. The mixing times were 200, 300, 400, 500, 600, 700, 800, 1000, and 1200 ms for both wild type and U6C samples. The intensity errors are estimated to be twice the signal-to-noise ratios in 2D spectra. Magnetizations for diagonal (*I~AA~* and *I~BB~*) and cross (*I~AB~* and *I~BA~*) peaks were fitted to a two-state (A ⇔ B) model using the following equation as previously described^[@R33]^,

$$\begin{array}{ll}
{I_{AA}(T) =} & {I_{A}(0)\left( {- \left( {\lambda_{2} - a_{11}} \right)\, e^{- \lambda_{1}T} + \left( {\lambda_{1} - a_{11}} \right)\, e^{- \lambda_{2}T}} \right)/\left( {\lambda_{1} - \lambda_{2}} \right)} \\
{I_{BB}(T) =} & {I_{B}(0)\left( {- \left( {\lambda_{2} - a_{22}} \right)\, e^{- \lambda_{1}T} + \left( {\lambda_{1} - a_{22}} \right)\, e^{- \lambda_{2}T}} \right)/\left( {\lambda_{1} - \lambda_{2}} \right)} \\
{I_{AB}(T) =} & {I_{A}(0)\left( {a_{21}e^{- \lambda_{1}T} - a_{21}e^{- \lambda_{2}T}} \right)/\left( {\lambda_{1} - \lambda_{2}} \right)} \\
{I_{BA}(T) =} & {I_{B}(0)\left( {a_{12}e^{- \lambda_{1}T} - a_{12}e^{- \lambda_{2}T}} \right)/\left( {\lambda_{1} - \lambda_{2}} \right)} \\
\end{array}$$ where $\lambda_{1,2} = \left( {\left( {a_{11} + a_{22}} \right) \pm \sqrt{{(a_{11} - a_{22})}^{2} + 4k_{AB}k_{BA}}} \right)/2,\, a_{11} = R_{1}^{A} + k_{AB}$, *a*~12~ = −*k~BA~*, *a*~21~ = −*k~AB~*, $a_{22} = R_{1}^{B} + k_{BA}$, and *I~A/B~*(0) represents the magnetization of the states A and B at *T*~mixing~ = 0. Data were fitted to the above equation using an in-house MATLAB® program with a Levenberg-Marquardt algorithm and the fitting errors were obtained from the Jacobian output and Monte-Carlo simulations.

CEST data analysis {#S18}
------------------

All CEST profiles were obtained by normalizing peak intensity as a function of spin-lock offset to the peak intensity recorded at *T*~EX~ = 0 s. Errors in CEST measurements were estimated based on triplicates at *T*~EX~ = 0 and the baseline of CEST profiles. Profiles of residues in the apo WT, Mg^2+^-free A37C and Δ3 aptamers that display conformational exchange were fit to a two-state exchange between the ground state (G) and the excited state (E) based on the following Bloch-McConnell equations^[@R55]^,

$$\frac{d}{dt}\begin{pmatrix}
{E/2} \\
I_{x}^{G} \\
I_{y}^{G} \\
I_{z}^{G} \\
I_{x}^{E} \\
I_{y}^{E} \\
I_{z}^{E} \\
\end{pmatrix} = \begin{pmatrix}
0 & 0 & 0 & 0 & 0 & 0 & 0 \\
0 & {- R_{2}^{G} - k_{GE}} & {- \omega_{G}} & \omega_{1} & k_{EG} & 0 & 0 \\
0 & \omega_{G} & {- R_{2}^{G} - k_{GE}} & 0 & 0 & k_{EG} & 0 \\
{2R_{1}^{G}p_{G}} & {- \omega_{1}} & 0 & {- R_{1}^{G} - k_{GE}} & 0 & 0 & k_{EG} \\
0 & k_{GE} & 0 & 0 & {- R_{2}^{E} - k_{EG}} & {- \omega_{E}} & \omega_{1} \\
0 & 0 & k_{GE} & 0 & \omega_{E} & {- R_{2}^{E} - k_{EG}} & 0 \\
{2R_{1}^{E}p_{E}} & 0 & 0 & k_{GE} & {- \omega_{1}} & 0 & {- R_{1}^{E} - k_{EG}} \\
\end{pmatrix}\,\begin{pmatrix}
{E/2} \\
I_{x}^{G} \\
I_{y}^{G} \\
I_{z}^{G} \\
I_{x}^{E} \\
I_{y}^{E} \\
I_{z}^{E} \\
\end{pmatrix}$$ where *R*~1~^G/E^ is the ^13^C longitudinal relaxation rate of the ground/excited state, *R*~2~^G/E^ is the ^13^C transverse relaxation rate of the ground/excited state, ω~G/E~ is the offset of the applied ^13^C *B*~1~ field (strength of ω~1~) from the ground/excited state (ω~G~ is measured from the observed ground-state peak position and ω~E~ is defined as ω~G~ + Δω, where Δω is the chemical shift difference between the ground and excited states), *p*~G/E~ is the population of the ground/excited state, and the rates are defined as *k*~GE~ = *p*~E~ *k~ex~* and *k*~EG~ = *p*~G~ *k~ex~*, where *k*~ex~ = *k*~GE~ + *k*~EG~ is the rate of exchange. For global fitting of CEST profiles, two global exchange parameters (*k*~ex~ and *p*~E~) are used together with individual relaxation rates (*R*~1~^G/E^, *R*~2~^G/E^) and chemical shift differences (Δω). During analysis, we assumed *R*~1~^G^ = *R*~1~^E^, as the data does not constrain determination of these longitudinal relaxation parameters^[@R33]^. For analyzing CEST profiles of C1′, an average C1′--C2′ scalar coupling of 45 Hz was implemented to calculate two CEST profiles, one representative of C2′ in the 'down' state and another in the 'up' state^[@R56]^. For analyzing CEST profiles of C6, an average C6-C5 scalar coupling of 65 Hz was implemented to calculate two CEST profiles, one representative of C5 in the 'down' state and another in the 'up' state^[@R56]^. For residues without conformational exchange, the two-state exchange model was simplified to a one-state model by fixing all exchange parameters (*p*~E~ and *k*~ex~) to zero. CEST profiles of G7 in the intermediate Mg^2+^ concentration with complex three-state behavior were fit to a three-state exchange model between the free (F), apo excited (E), and apo ground (G) states based on the following Bloch-McConnell equations^[@R55]^,

where *R*~1~*^i^* is the ^13^C longitudinal relaxation rate of state *i*, *R*~2~*^i^* is the ^13^C transverse relaxation rate of state *i*, ω*~i~* is the offset of the applied ^13^C *B*~1~ field from state *i* (ω~G~ is the observed ground-state peak position; ω~F~ is the observed free-state peak position; ω~E~ = ω~F~ + Δω~FE~, where Δω~FE~ is the chemical shift difference between the free and apo excited states). The population is *p*~i~ and the rates are defined as, *k*~GE~ = *p*~E~ *k~1~* / (*p*~G~+ *p*~E~), *k*~EG~ = *p*~G~ *k~1~* / (*p*~G~+ *p*~E~), *k*~FE~ = *p*~E~ *k~2~* / (*p*~F~+ *p*~E~), *k*~EF~ = *p*~F~ *k~2~* / (*p*~F~+ *p*~E~), and *p*~G~ *+ p*~E~ *+ p*~F~ =1. G7 CEST profiles of both the free and apo ground states were jointly fitted using five global exchange parameters (*k*~1~, *k*~2~, *p*~E~, *p*~G~, and Δω~FE~) and individual relaxation parameters *R*~1~^F^ = *R*~1~^E^, *R*~1~^G^, *R*~2~^F^, *R*~2~^E^, and *R*~2~^G^. For fitting WT G7 profile obtained in the absence of Mg^2+^, which also displays three-state exchange behavior, the same three-state Bloch-McConnell equation and data analysis procedure was employed, except the symbol (G) is referred to as a second excited state sampled by G7, which is not present in the apo state and is subject to future investigation. All profiles were fitted using an in-house MATLAB® program with a Levenberg-Marquardt algorithm.

Single-round transcription assay {#S19}
--------------------------------

Single-round transcription assays were carried out at 303 K (30°C), the same temperature at which NMR measurements were performed, using a protocol adapted from previously described methods^[@R57]^. *E. coli* RNAP (New England Biolabs®) elongation complexes were paused on a DNA template containing a λ~PR~ promoter, a 26-nt C-less spacer (A~26~: AUGUAGUAAGGAGGUUGUAUGGAAGAC), followed by the full-length riboswitch, in which an adenine within the wild-type poly-U stretch was removed to improve termination efficiency. Transcription was initiated in a solution containing 150 μM ApU (TriLink BioTechnologies), 2.5 μM GTP, 2.5 μM UTP, 1 μM ATP, 1U RNAseOUT®, 5% glycerol, and α-^32^P-radiolabeled ATP in 1× transcription buffer (20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 100 μM EDTA, 14 mM 2-mercaptoethanol, and 5 mM Mg^2+^) by addition of 0.75U RNAP to the DNA template (18.75 nM) and incubation at 303 K (30°C) for 10 min. In the absence of CTP, the RNAP pauses at the end of the 26-nt spacer immediately upstream of the riboswitch. Prior to elongation, a DNA oligonucleotide complementary to A~26~, which prevents A~26~ from interfering with riboswitch folding, was added at 1 μM final concentration in 1× transcription buffer at varying Mg^2+^ concentrations defined by individual experiments and incubated at ambient temperature for 5 min to ensure hybridization. To initiate elongation, 5 μL of paused complex was added to 2 μL of chase, which contained all four NTPs at varying concentrations (3 μM -- 1 mM final concentration), varying fluoride concentrations (0 -- 50 mM, where the range of concentration is limited due to the solubility of MgF~2~), and 1 mg/mL heparin in 1× transcription buffer, and incubated at 303 K (30°C) for 15 min. Reactions were quenched in stop buffer (1× transcription buffer, 7 M Urea, 30 mM EDTA, and trace bromophenol blue and xylene cyanol). Time points for measuring pausing duration were collected in quintuplicate before being combined and analyzed following the established protocol^[@R36],[@R57]^. Samples were then run on a 10% PAGE denaturing gel and visualized by phosphorimager using ImageJ software^[@R58]^. Data obtained from independently performed single-round transcription assays agree well between individual duplicate data points, demonstrating the high accuracy of the assay in measuring transcription read-through and EC50. For the U6C mutant, the EC50 is estimated by assuming that it can achieve the same level of transcription activation as the WT at high fluoride concentrations given the mutant and the WT aptamers adopt highly similar fluoride-bound, transcription-ON states.

Data analysis and simulation of transcription regulation {#S20}
--------------------------------------------------------

The kinetic scheme for transcription regulation by the riboswitch can be described as two continuous stages, a sensing stage during the transcription elongation period (dt~1~) and a communication stage during the poly-U stretch pausing period (dt~2~). The initial elongation time (dt~1~) is determined by RNAP elongation rate and the 21-nt-distance between U57 (\~12-nt RNA footprint for RNAP^[@R11],[@R34],[@R35]^ after residue U45) to the last poly-U residue (U78). Given the expression platform is still being transcribed during this period, only aptamer folding occurs, which is described by the following kinetic equations,

$$\frac{d}{dt}\begin{pmatrix}
p_{H} \\
p_{G} \\
p_{E} \\
\end{pmatrix} = \begin{pmatrix}
{- k_{HG}} & k_{GH} & 0 \\
k_{HG} & {- k_{GH} - k_{GE}} & k_{EG} \\
0 & k_{GE} & {- k_{EG}} \\
\end{pmatrix}\begin{pmatrix}
p_{H} \\
p_{G} \\
p_{E} \\
\end{pmatrix}$$ where *p~H~* is the population of the holo state, *p~G~* is the population of the apo GS, *p~E~* is the population of the apo ES, and *k~ij~* is the exchange rate constant between states *i* and *j*. Here, the unimolecular rate constants, *k*~HG~ and *k*~GE~, are obtained directly from NMR ZZ-exchange and CEST measurements, respectively. The apparent bimolecular rate constants, *k*~GH~ and *k*~EG~, are derived from *k*~GH~ = *k*~HG~ \[F^−^\] / *K*~d,F~ and *k*~EG~ = *k*~GE~ \[Mg^2+^\] / *K*~d,Mg~, respectively, where *K*~d,F~ and *K*~d,Mg~ are NMR-determined dissociation constants of fluoride and magnesium binding, and \[F^−^\] and \[Mg^2+^\] are fluoride and magnesium concentrations. The initial condition at dt~1~ = 0 is set to be *p~H~* = *p~G~* = 0 and *p~E~* = 1. Three RNAP elongation rates^[@R11],[@R39],[@R59]^ of 4, 20, and 40 nt/s were used to calculate dt~1~ values as input for three simulations. For simulating U6C, the kinetic equations were simplified to contain only two states by removing parameters for the excited state. The unimolecular rate constant *k*~HG,U6C~ is obtained directly from NMR ZZ-exchange measurement, and the apparent bimolecular rate constant *k*~GH,U6C~ is derived from *k*~GH,U6C~ = *k*~HG,U6C~ \[F^−^\] / *K*~d,F,U6C~, where *K*~d,F,U6C~ is the NMR-determined dissociation constant of fluoride binding by the U6C aptamer, and \[F^−^\] is fluoride concentration. The initial condition at dt~1~ = 0 is set to be *p~H~* = 0 and *p~G~* = 1. Upon reaching the poly-U stretch, RNAP pauses for a time period (dt~2~)^[@R37],[@R38]^. Given the length of pausing is dependent on cellular conditions^[@R27],[@R36]^, dt~2~ is a variable in simulations. This pausing period is the time window during which the terminator stem forms, a rate limiting step that is coupled with melting of the DNA-RNA hybrid^[@R37],[@R38]^. Based on structural data, we introduced an intermediate state between the apo ES and the terminator state during this pausing period, where the unlocked U45 is sequestered into a base pair with residue A64. The rationale for this intermediate state is as follows. First, while most expression-platform residues involved in strand invasion of P3 are still within RNAP due to the \~12-nt RNA-footprint^[@R11],[@R34],[@R35]^, residue A64 just exits RNAP and is spatially available to base pair with the unpaired U45. Second, the rate constant of closing a terminal base pair, such as the formation of U45•A64 pair, is on the order of 1.0×10^6^ s^−1^ (ref. [@R60]), which is fast enough for this event to occur during the time period (dt~2~). Third, the formation of U45•A64 pair also sequesters U45 from forming the essential 'linchpin' A37•U45 pair, which can further destabilize the structured apo aptamer as shown in 'linchpin'-deletion mutants and the pseudo-cotranscriptional NMR measurements. Therefore, during this pausing period, the process of aptamer folding and terminator formation is described by the following equations,

$$\frac{d}{dt}\begin{pmatrix}
p_{H} \\
p_{G} \\
p_{E} \\
p_{I} \\
p_{T} \\
\end{pmatrix} = \begin{pmatrix}
{- k_{HG}} & k_{GH} & 0 & 0 & 0 \\
k_{HG} & {- k_{GH} - k_{GE}} & k_{EG} & 0 & 0 \\
0 & k_{GE} & {- k_{EG} - k_{EI}} & k_{IE} & 0 \\
0 & 0 & k_{EI} & {- k_{IE} - k_{IT}} & k_{TI} \\
0 & 0 & 0 & k_{IT} & {- k_{TI}} \\
\end{pmatrix}\begin{pmatrix}
p_{H} \\
p_{G} \\
p_{E} \\
p_{I} \\
p_{T} \\
\end{pmatrix}$$ where *p~H~* is the population of the holo state, *p~G~* is the population of the apo GS, *p~E~* is the population of the apo ES, *p~I~* is the population of the intermediate state, *p~T~* is the population of the termination state, and *k~ij~* is the exchange rate constant between states *i* and *j*. The initial condition at dt~2~ = 0 is set as *p~H~* = *p~H,dt1~*, *p~G~* = *p~G,dt1~*, *p~E~* = *p~E,dt1~*, and *p~I~* = *p~T~* = 0, where *p~H,dt1~*, *p~G,dt1~*, and *p~E,dt1~* are populations of the holo state, the apo GS, and the apo ES at the end of the dt~1~ period, respectively. For simulating U6C, the kinetic equations are simplified to contain four states of *p~H~*, *p~G~*, *p~I~*, *p~T~*, with direct exchange rate constants between states G and I. For extracting the effective folding rate constants of terminator formation (*k*~IE~*, k*~EI~, *k*~IT~, and *k*~TI~) in the context of RNAP, we employed the kinetic scheme to globally fit fluoride-free NTP-dependent transcriptional activation of WT and M18 as a function of the elongation time calculated at 20 nt/s (dt~1~) and the experimentally determined pausing duration at given NTP concentrations (dt~2~). The input \[Mg^2+^\] is 5 mM based on conditions in transcription assays. We fixed *k*~EI~ = 1.0×10^6^ s^−1^ based on literature^[@R60]^, as our data does not constrain determination of this fast rate constant, resulting in *k*~IE~ = 6.4 ± 2.6×10^4^ s^−1^, *k*~IT~ = 1.2 ± 0.2 s^−1^, and *k*~TI~ = 0.05 ± 0.02 s^−1^. However, varying *k*~EI~ from 1.0×10^7^ to 1.0×10^3^ s^−1^ only scales *k*~IE~ accordingly without affecting *k*~IT~ and *k*~TI~ values. Analyses and simulations were conducted using an in-house MATLAB® program with a Levenberg-Marquardt algorithm being applied for data fitting.

Code availability {#S21}
-----------------

The in-house MATLAB® scripts for data analyses and kinetic simulations are available upon request.

Data availability {#S22}
-----------------

Coordinates have been deposited in the Protein Data Bank under accession number 5KH8, and chemical shifts have been deposited in the Biological Magnetic Resonance Bank under entry 30108. The summary of NMR restraints and structure refinement statistics is presented in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}.
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![Solution structure of the apo *B. cereus* fluoride riboswitch aptamer\
(**a**) Sequence and secondary structure of the *B. cereus* fluoride riboswitch aptamer used in the NMR study. The long-range base pairing between A5 and U35 and between A37 and U45 are highlighted with lines. (**b**) Superposition of 20 lowest-energy solution structures of the apo aptamer. (**c**) The lowest energy structure of the apo aptamer. (**d**) Long-range reverse Watson-Crick A5•U35 base pair. (**e**) Long-range reverse Hoogsteen A37•U45 base pair, and long-range hydrogen bond between A37-2′OH and G7-N7. (**f**) Long-range hydrogen bonds between U38-2′OH and A40-N7 and between U38-N3H3 and C41-O2P.](nihms878814f1){#F1}

![The fluoride riboswitch aptamer adopts structurally similar apo and holo states\
(**a**) Comparison between the apo solution structure of *B. cereus* aptamer and the holo crystal structure of *T. petrophila* aptamer. The fluoride and Mg^2+^ ions in the holo crystal structure are shown in red and green spheres, respectively. (**b, c**) Structures of the fluoride-binding pocket in apo *B. cereus* aptamer (**b**) and holo *T. petrophila* aptamer (**c**), where phosphorus and phosphate oxygens are shown in yellow and pink spheres, respectively. Coordination of fluoride and Mg^2+^ ions to phosphates is highlighted in dashed lines in (**c**). (**d**) Correlation between 2*R*~2~--*R*~1~ values measured in the apo and holo *B. cereus* aptamer. Symbols are colored as the secondary structure in [Figure 1](#F1){ref-type="fig"}. Error bars indicate experimental uncertainties (s.d.) estimated from fitting *n* = 3 independently measured peak intensities to a mono-exponential decay using a Monte-Carlo based method. (**e**) Correlation between RDCs measured in the apo and holo *B. cereus* aptamer. Error bars indicate experimental uncertainties (s.d.) estimated from splittings measured in ^1^H and ^13^C/^15^N dimensions, *n* = 89 (apo) and *n* = 88 (holo). (**f**) Fluoride-dependent single-round transcription assay with 5 mM Mg^2+^, 1 mM NTPs, a *B. cereus* fluoride riboswitch template, and *E. coli* RNAP holoenzyme. Top, autoradiogram of a 10% PAGE denaturing gel separating the full-length (*F*) and terminated (*T*) RNA products ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). Bottom, fluoride-dependent read-through, *F*/(*F*+*T*), for the WT and U6C mutant, where EC50s are highlighted in vertical red lines. Shown are *n* = 2 independent replicates.](nihms878814f2){#F2}

![The apo *B. cereus* fluoride riboswitch aptamer populates an excited state\
(**a, b**) CEST profiles depicting carrier (in ppm) dependence of intensity in the holo (**a**) and apo (**b**) states. Error bars indicate experimental uncertainties (s.d.) estimated from *n* = 3 independently measured peak intensities. Spheres shown on the structures are the sites where CEST data were measured. Gray spheres are carbon probes fit to a single-state model and red spheres are carbon probes fit to a two-state exchange model. (**c**) Schematic secondary structures of the apo GS and the apo ES for the *B. cereus* fluoride aptamer with exchange parameters. (**d**) Comparison of base C8 chemical shifts of G7 for the apo GS, the apo ES, and Mg^2+^-free GSs and ESs of wild type and mutants.](nihms878814f3){#F3}

![Single-round transcription assay of the *B. cereus* fluoride riboswitch in the absence of fluoride\
(**a**) Secondary structures of the full-length *B. cereus* fluoride riboswitch shown in the termination (left) and read-through (right) states. The G~8~U~9~-to-U~8~A~9~ mutation (M18), which abolishes fluoride responsiveness by destabilizing the P3 helix^[@R23]^, is employed here as an internal control to measure intrinsic termination efficiency. (**b**) Mg^2+^ dependence of transcription activation by the *B. cereus* fluoride riboswitch and the baseline transcription activation due to imperfect termination efficiency (M18). Shown are *n* = 2 independent replicates for each construct.](nihms878814f4){#F4}

![Transcription regulation by the *B. cereus* fluoride riboswitch\
(**a**) A schematic kinetic mechanism of transcription regulation by the *B. cereus* fluoride riboswitch. Depicted in red arrows are the proposed pathways towards the formation of the terminator (T) for transcription termination. Depicted in green arrows are the proposed pathways that retain both the aptamer and the anti-terminator (AT) intact for transcription activation. Experimentally established kinetic parameters for this model are detailed in [Supplementary Figure 10](#SD1){ref-type="supplementary-material"}. (**b**) Simulation of fluoride- and time-dependent transcription activation by the *B. cereus* fluoride riboswitch in 5 mM Mg^2+^ at an RNA elongation rate of 20 nt/s with varying pause time at poly-U. Simulations at other rates are shown in [Supplementary Figure 12a](#SD1){ref-type="supplementary-material"}. (**c**) Experimental fluoride-dependent transcription activation by the *B. cereus* fluoride riboswitch in 5 mM Mg^2+^ at different NTP concentrations. Shown are *n* = 2 independent replicates for each NTP concentration. (**d**) Simulation of fluoride- and time-dependent transcription activation by the U6C riboswitch in 5 mM Mg^2+^ at an RNA elongation rate of 20 nt/s with varying pause time at poly-U. (**e**) Experimental fluoride-dependent transcription activation by the U6C riboswitch in 5 mM Mg^2+^ at different NTP concentrations. Shown are *n* = 2 independent replicates for each NTP concentration.](nihms878814f5){#F5}
